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ABSTRiACT

The factors affecting a tangential fuel injector design for scramjet

operation are reviewed and their effect on the efficiency of the supersonic

combustion process is evaluated using both experimental data and theoretical

predictions.

A description of the physical problem of supersonic combustion and method

of analysis is followed by a presentation and evaluation of some standard and

exotic types of fuel injectors. Engineering fuel injector design criteria and

hydrogen ignition schemes are presented along with a cursory review of avail-

able experimental data.

A two-dimensional tangential fuel injector design is developed using

analyses as a guide in evaluating the effects on the combustion process of

various initial and boundary conditions including splitter plate thickness,

injector wall temperature, pressure gradients, etc.

The fuel injector wall geometry is shaped so as to maintain approximately

constant pressure at the flame as required by a cycle analysis, A'"iscous

characteristics"program which accounts for lateral as well as axial pressure

variations due to the mixing and combustion process is used in determining the

wall geometry.

A fuel injector performance evaluation scheme is then presented along with

the fuel injector cooling considerations. An experiment to evaluate the

,various analytical tools and theoretical predictions made here is recommended.
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I. INTRODUCTION

In a cycle analysis of a scramjet engine, the thermodynamic conditions

(pressure and temperature) and fluid dynamic conditions (velocity, etc.) at

wh!ich the heat release occurs are pr.ckbd l4ong JWith ftc cu-ibustioin e~fiCticy

(percent of injected fuel that is burned). Furthermore, the cycle efficiency

is fixed by the assumed process (i.e. constant pressure, constant area, constant

Mach number, or some other pressure area relation such as the area fields of

Crocco, etc.). Wlhen this assumption is introduced the engine efficiency and

thrust depend only on the initial and end states. The manner and conditions of

the fuel injection is eliminated. In subsonic combustion the velocity is low.

Tihen the possible local variation of pressure are negligible and one-dimensional

flow analysis can be used to relate the geometry and the cycle. The case is

different when supersonic combustion is colisideedu.

In a supersonic combustion chamber large variations in pressure and tempera-

ture in both lateral and axial directions exist. Furthermore, the combustion

process can produce shocks. The combustion taking place in a given region can

produce an entropy rise in regions outside of the combustion region because of

the propagation of shock waves. While interactions with adjacent fuel injectors

can be used advantageously to increase the combustion performance. As a con-

sequence the heat release does not occur at either the air or fuel static(burner

entrance) conditions. Therefore a means of determining and controlling the

conditions at which the heat is released is essential for an efficient scramjet

engine combustor design. Since the supersonic combustion process is a highly

coupled fluid dynamic and chemical phenomenon, an accurate analytical tool

which accounts for the main features of the flow (e.g. wave formation due to
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chemical reactions) must be used in desighing the fuel injectors, fuel injector

arrangement and combustor wall geometry.

This tool has been used in the present investigation to design and to

evaluate quantitatively the fuel injector performance and to describe the flow

field. However, since the combustion efficiency depends on the mixing efficiancy

(i.e. the availability of the correct fuel to air ratio at the flame surface)

which in turn depends on a not too well known turbulent transport phenomenon

(i.e. eddy viscosity), the theoretical predictions must be verified by experi-

ment.

The primary purpose of this investigation is to test the validity of the

analytical tool and to determine the flow conditions at which combustion takes

place. A secondary purpose of the present investigation is to determine the

influence of the various flow and geometric parameters on the supersonic com-

bustion phenomena (i.e. ignition, efficiency of combusticn and combustion

length). First a qualitative evaluation of several fuel injection schemes is

made. The ultimate purpose of this is to design a fuel injector suitable for

a scramjet combustor design at a flight Mach number of 6.0 and to select fuel

injection conditions more conducive to faster mixing and more efficient com-

bustion. The supersonic combustion phenomenon, i.e. mixing rate, ignition and

combustion length as well as the combustion efficiency, depends on many

geometrical and flow parameters such as:

1. Fuel type, (i.e. hydrogen, hydrocarbon) and phase (liquid or gas)

2. External stream and jet conditions (temperature, velocity,

pressure, Mach number, Etc.)

3. Fuel injector size and type (axisyznetric, two-dimensional,

three-dimensional)
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4. Injection angle relative to the air stream

5. Initial boundary layer thickness and state

6. Local and/or global three-dimensional jet (such as swirl)

and stream nonuniformities

7, Splitter plate thickness and/or bluff base diameter

8. Injector wall geometry

9. Splitter plate wall temperature and material (e.g. platinum)

10. Injector wall temperature

11. Boundary layer growth on injector wall

12. Under and overexpansion of the jet

13. Flow impurities "artificial" or natural (H20 vapor, OH radical,

02 or any other combustion products or even metal (platinum)

particles injected upstream)

14. End effects, fuel injector nose biuncness, eLC.

15. Turbulence levels in the freestream, pressure gradients, etc.

16. Heat release due to change of phase,

17. Three-dimensional protuberance on the injector wall

The individual effects cannot be separated simply because of their mutual

interaction role. A parametric study would reveal a desirable fuel injector

design by evaluating several injector configurations.

Since the type of configurations are as numerous as the imagination will

conceive, the approach here is to first evaluate some typical injectors and

injection schemes and the influence that the various parameters have on the

combustion. Thus organizing (classify) the imaginable types of fuel injectors

and consequently set some design criteria.
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Tic considerations presented here are for a tangential fuel injection

scheme. An evaluation of the normal injection scheme versus tangential is

given in Ref. 1. The combustion process is assumed to be diffusion controlled,

that is the reaction rates are much faster than the mixing rates. nhe com-

u'tsion is assumed to occur at supersonic speeds and the flow conditions are

such that a turbulent transport phenomenon prevails. hne fuel is gaseous

hydrogen and the steady state chemical kinetics are the same as used in Refs. 2

and 3, (Table Al of Ref. 2). An evaluation of different reaction rates

constant on the combustion process is described in Ref. 1.

The description of the fluid dynamics and thermo-chemical interaction has

been described in Ref. 4 and therefore will not be repeated here. An evaluation

of the various turbulent mixing rates (see Table 2 of Ref. 5 and 10. I ofi Ref, 6) by

investigators, Ref. 5, 6, and 7 generally reveals the unsuitability of the

various models to general flow conditions. Theoretical evaluations of various

mixing models are subject to scrutiny as theoretical comparisons use numerical

programs that inadvertently introduce an artificial numerical viscosity. This

error arises when a numerical program has to decrease the number of mesh points

in a profile to maintain the calculation time relatively short. In so doing,

profiles with large gradients (as a temperature profile with a flame) are

smoothed by the elimination of alternate mesh points. This acts like an inviscid

viscosity. Numerical calculations of flows with chemical reactions should use

finite difference equation using the total enthalpy rather than static temperature.

Experimental correlations of mixing decay rates etc. made with

simple configuration are subject to speculation; first, the turbulent mixing

phenomenon depends not only on the jet and stream conditions but also on

geometry; second, the eddy viscosity, diffusion coefficient, turbulent Lewis
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and Praindtl numbers etc. are inferred from. flow profiles, (more specifically

on their curvature at the centerline e.g. Ref. 8) which although the configura-

tion is axisymmectric, the axis of the jet is seldom co-linear with the experi-

mental apparatus and therefore produce three-dimensional effects; third, initial

nonuniformities such as boundary laye- growth splitter plate thickness etc. are

usually disregarded in the correlations. Hence, disagreement in experimental

data with theory. is reported by various authors- ihe viscosity model adopted

in the present investigation is described below. In general it has been assumed

that the mixing laws are not altered by the combustion phenomenon. The validity

of this assumption is explored here.
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II. DESCRIPTION OF TIE PROBLEM

The design of a supersonic combustion chamber requires the use of multiple

irid-stream fuel injectors to keep the combustor length reasonably short.

Furthermore, since the flow is supersonic, effects produced at one point are

-felt elsewhere along Mach waves. WHence the combustion process m:ust be controlled

locally where the heat is released rather than to simply shape the ccm..oustor walls.

Also, the combustor and/or fuel injector designs must be suitable for different

flight speeds. The combustor design must necessarily begin with the design of

its constituent parts. Therefore we consider first the design of a mid-stream

fuel injector. The design of a wall injector follows analogous considerations.

iHow.ever, the additional influences of thicker initial boundary layers and heat

loss due to heat transfer to the combustor wall must also be included in the

latter design. The complete combustor design requires treatment of interaction

due to shock waves, adjacent combustion regions, etc. This is a complex task

that is left for future considerations,

The function of a fuel injector is not only to introduce fuel into an air-

stream at some selected conditions but rather the fuel injector should be

designed as to control the condition at which the heat is released, so as to

improve the combustion efficiency. Several experiments with mixing and com-

bustion have been conducted in the past with the aim of establishing the

chemical kinetics, mixing rates, influence of various flow and geometric para-

meters, etc. These experiments have given the designer useful information on

the supersonic combustion processes. A partial compendium of the effects

produced by influences of various initial and boundary conditions is included

in Appendix I of this report for reference and to serve as a guide to the

designer in selecting fuel injection conditions and some boundary conditions.
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The effects of initial and boundary condi'tions on mixing and coc.;bustion are

also presented in Appendix I.

In the absence of an accurate theory to describe the combustion process at

supersonic speeds we would only be able to catalogue the above infor.ation.

Furthermore, we would be at a loss when confronted with a new situation. Thne

analytical tool developed in Ref. 9 will enable the designer to:

1. determine the flow field in different situations

2. evaluate a given fuel injector design

3. select injection conditions and injectors geometries more

conducive to efficient combustion, and

4. give a better understanding of the combustion process.

In this theory normal pressure gradients as well as axial pressure gradients and

shock waves are included. The governing ewuations are treated as quasi-hyperbolic.

Therefore it is a more accurate theory and describes the combustion process better

than a parabolic type analysis where the normal pressure gradients are neglected

and the possibility of shock waves is not permitted. Unfortunately, the short-

coming of both theories is an accurate knowledge of constants and mixing rate

laws and to a minor degree of reaction rate constants under different flow

comditions. Because of these reasons a coupled analytical and experimental

investigation conducted under carefully controlled conditions should give more

details about the supersonic combustion process. Furthermore it will supply the

designer with a reliable tool with which to perform his task.

In order to check experimentally these fuel injector design development

conceots the first step has been taken here to design a fuel injector which

gives constant pressure in the vicinity of the flame using the above theory.

Such a design is of practical interest and is deduced from cycle analysis
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considerations.

Since the supersonic combustion process is an interplay between the fluid

d)ynamics, heat release and mixing mechanisms, an accurate determination of the

last will result by application of the theory to the experimental data since

the first two are described fairly accurately by the theory.

-. t
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III. PHYSICS OF SUPERSONIC COMBUSTION FLAME

A physical description of the supersonic diffusion controlled process is

presented here as it will assist in understanding the experiments that have

been conducted and in explaining ignition characteristics. The supersonic

combustion flame is an extremely complex aerodynamic process where the chemical

and fluid dynamic effects strongly interact. Several different types of flames

can be generated, depending on the controlling mechanism for the heat release.

Only the diffusion controlled turbulent flame is described here as the conditions

at the burner entrance are such that this is most likely to occur. A descripo

tion of a heat conduction flame is given in Ref. I. A diffusion controlled

flame is more stable than a heat conduction flame where the chemical kinetics

are slower than the diffusion and hence admit the possibility of a detonation.

Diffusion Controlled Flame

Consider two streams both supersonic: (1) an air stream surrounding

(2) a jet of hydrogen. Assume that the two flows have parallel motion. The

hydrogen mixes with the air and the diffusion process tends to produce a

homogeneous mixture of hydrogen and air. Two limiting cases can be desired.

If the static temperature of the mixture everywhere is sufficiently low, then

the time required for chemical reaction between the oxygen and the hydrogen to

take place is very long; thus mixing takes place first as the time for the fluid

dynamic process to be completed is smaller than the time required for chemical

reaction. The other limiting case is when the chemical reactions are extremely

fast because of the high static temperature of the mixing. Then, as soon as

hydrogen is mixed with air, H2 0 is formed, and heat is released. When the

chemical time (defined as the time to reach chemical equilibrium) is extremely
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short, two regions can be defined in the flow divided by a line where the fuel

air ratio is stoichiometric (p = i). The flow outside the line contains oxygen,

nitrogen, and combustion products. The line corresponding to a p = 1 mixture,

is the line where heat is released. In this case the change in density is much

larger than for the case of no reaction. Because of the heat release, the

streamlines obtained in a calculation that assumes constant pressure and uses

a mixing type of calculation to simplify the analysis are more curved than in

the first case. Therefore, the assumptions of constant pressure or pressures

depending mainly on x are not sufficiently accurate and the variation of

pressure normal and along streamlines should be taken into account in the

analysis. This effect tends to increase initially the static pressure and

accelerates chemical reaction. In actual cases, at high temperature, the

chemical time is very small; however, it is finite, Thus the heat release

occurs in a small region distributed around the line p = J., Because of the

high initial temperature and pressure, the isotherms for the two cases are very

similar. The rate of chemical reaction decreases and the chemical time in-

creases when either the local static pressure or local static temperature de-

creases. Then, for some flow conditions, the reaction time becomes of the

same order as the mixing time, In this case substantial mixing takes place

before heat is released, and thus the zone of reaction is widely extended.

When the local static pressure is very low, the reaction rates are small, sub-

stantial mixing takes place before reaction occurs and the concentration of

hydrogen at the point where reaction starts is below stoichiometric. Thus the

local temperature is also low.

The heat release due to chemical reaction tends to decrease the density

locally; therefore, it generates local pressure changes. The mixing type of

.,·., -- f



analysis used by several researchers :neglects pressure gradients normal to

streamlines, therefore it does not give a correct representation of these effects,

In supersonic flames the pressure variations travel along Mach waves which

propagate outside the flame region and tend to form shocks. The mixing near

the injection region initially is very rapid because of the large gradients of

concentration and of velocity and temperature normal to the streamline, There.

if the reaction is fast, a large rate of heat release takes place locally, and

therefore, strong compressions are generated that tend to form a shock. Down-

stream, the gradients gradually decrease; therefore, the rate of heat release

gradually decreases and thus as the mixing continues the pressure gradually de-

creases. In a burner design, where combustion starts in a small region of the

flow near the injectors, the flow properties outside the flame region change and

the }ach number decreases. Therefore these waves diffuse the adjacent flow as

in the inlet and can be used to increase the engine efficiency.

The effect of the presence of a pilot flame is of extreme importance even

for the case of diffusion controlled flames when applied to supersonic com-

bustion. This effect indicates that if the reaction process produces a heat

release sufficient to generate a high temperature region, then combustion will

continue even if the static temperature is initially low, and the flame once

initiated continues and propagates. In practical applications a boundary layer

is always present near the walls of the injector. At hypersonic flight velocity,

the static temperature in the boundary layer is higher than free stream,

especially if the wall temperatures is higher than free stream, When the two

boundary layers from the fuel side and air side mix, they react very rapidly

because of the local high temperature of the mixture in this region. Then

combustion,once initiated, can continue. As a consequence, in practical

fj 
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applications the possibility of having reaction depends more on the value of

the stagnation temperature of the air and fuel and on the wall temperature,

than on the static temperature of the two streams.
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IV. FUEL INJECTOR DESIGNS FOR PRACTICAL APPLICATIONS

A. Review of Injectors Tested

Most of the experimental investigations on supersonic combustion Refs. 10 to 16

have been carried out using coaxial free jets because they lend themselves

easily to analytical description and are easy to perform, Unfortunately

this configuration cannot be used in practical scramjet engines. A summary of

the injection conditions used in coaxial. mixing and combustion of hydrogen in

the above references is presented in Table 1o. The geometric configuration of

the fuel injectors tested is also depicted in the table, Other experiments

on ducted mixing and combustion with simple coaxial configurations have been

conducted. However, these are not reviewed here as the combustor wall has

significant influence on the mixing and combustion process, Therefore, these

data are not pertinent to fuel injector designs but more relevant to a combustor

design. Moreover, many more experiments with mixing only of various gases in.

different environment have been performed to determine the mixing laws. These

experiments are not reviewed here as they are too numerous. However, pertinent

results are cited here when necessary,

Most of the experimental investigations have been conducted with either

subsonic or nearly sonic velocities. At sonic conditions, the product pjuj

is a maximum for a given jet stagnation condition, Some simple typical two-

dimensional tangential midstream fuel injectors without afterbody are shown in

Fig. 1. These depict various external and internal geometries possible. The

external geometry can range from a simple wedge (A)to a wedge-slab (B,C,D) to

a wedge-slab-boat-tail (E)combination. If the external flow is supersonic, it

is evident that for the same injection flow conditions, the last configuration

(E) presents the greatest blockage and drag. Also, the trailing lip shock would I
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be strongest for this configuration. Furhtermore the external stream static

conditions would be reduced to conditions less conducive to auto ignition.

Since both a static pressure and temperature drop is experienced by the ex-

pansion of the external flow around the boatail of the fuel injector. The

possibility of flow separation is greatest in this case. The rotational ex-,

ternal flow produced by the curvature of the trailing shock would induce a

strong streamwise pressure gradient on the jet stream which are not conducive

to efficient combustion. The propensity of the production of these effects

decreases drastically on going from configuration E to B,C,D to A, An ogival

type fuel injector would produce similar effects as configuration E; while a

cusped injector would be like configuration A.

The internal geometry depends on the injection speed as to whether it to

subsonic, sonic, or supersonic. The three injection modes are depicted in

configuration D,B,C respectively. For the supersonic mode, the nozzle shape

may be contoured or conical (wedge like). In the wedge-like configuration,

the fuel is transported into the mixing zone not only by a diffusional velocity

but also by a v-component of the jet velocity proportional to u. sin 8, whe'en

b is the nozzle wedge angle. Unfortunately, compression waves generated at

the mixing and combustion zone (plume) negate this effect. These considera-

tions show there is no "control" on the combustion beyond the region of in-

fluence of the initial data line with these simple types of fuel injectors,

That is, everything is defined by the initial conditions and the line of

symmetry.

The fuel injector shown in Fig. 2 overcomes this shortcoming. As shown in

Fig. 2 this type of fuel injector has a central body whose geometry can play a

significant role on the combustion process as will be evident below. Although
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this type of fuel injector has a greater blockage (for the same fuel injection

conditions) in proportion to the size of the central body, its drag is less

than that without the central body due to the induced pressure of the combustion

on the central body. However, the central body affords a more direct control on

the combustion process than the combustor walls as the waves would have to travel

through several combustion regions before reachingthe intended point of influence,

A three-dimensional fuel injector design was used in Ref. 17. The fuel in-

jector is shown in Fig. 3a. Several of these injectors were mounted on the

combustor walls. As shown in Fig. 3. this injector consists of an axisymmetric

injector mounted on a swept-strut. The injection speed could be subsonic or

sonic with this injector. The injected mass flow could be increased only by

increasing the fuel injection pressure resulting in underexpanded jet conditions.

The effects of the interaction of the strut wake on the jet are not clear with

this type of injector. The interaction of the strut shock pattern with the

boundary layer on the various surfaces which can lead to inlet unstart and the

formation of corners lead to complex local three-dimensional flow patterns with

multiple interacting and reflecting shocks. This coupled with the need to have

a great number of then ~ 0 (100) makes them unattractive for use in a practical

scramjet even though the fuel may be distributed more uniformly than some other

type of fuel injection scheme, and the combustor length shortened significantly,

The number of axisymmetric fuel injectors vs the number of two-dimensional

fuel injectors required to achieve complete mixing of hydrogen and air in a

combustor of specified length, shown as a function of the combustor length to

height ratio in Fig. 9 of Ref. 18, is shown here in Fig. 4 for reference. This

figure shows that for short combustors H/L ~ 0 (2 or 3) approximately 10 two-

dimensional fuel injectors are required while 100 axisymmetric injectors would

- 15- i
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be needed. While for long combustors H/L. 0 (10) only a few injectors either

axisymmetric or two-dimensional would ne needed,

In Ref. 19 (Fig. 3b) a swept two-dimensional midstream strut with in-

jection holes normal to the flow was used. This injection scheme avoids some

of the shortcomings of normal injection described by Ferri (Ref. 1). Namely, the

flow separation produced by the normal injection is not as extensive as wall

mounted normal injection holes as the boundary layer is very thin in this case.

The inviscid shock patterns, however, still exist, Also a wake and trailing

shock is formed by the strut if no injection is used in this region. In Ref.

20, the jet is assumed to have an initial swirl in order to enhance the mixing.

It is found that the maximum tangential (swirl) velocity decays slowly and

depends inversely as the square root of the initial value of the swirl velocity.

The experimental data of Ref.21 indicates that swirl does not enhance mixing.

Whereas the results of both theory and experiment of Ret.22 show that the

introduction of swirl into an open Jet diffusion flame leads to a faster decay

of the velocity, and to an increase of flame width and mass entrainment in the

downstream direction than non swirling flame. The induction period (ignition

delay) is shortened significantly with increasing amounts of swirl. The

reduction of the velocity gradients due to swirl lead to a shortening of the

potential

B. Wall Injectors

"Conservative" scramjet combustor designers of two-dimensional and axi-

symmetric engines (Ref.23-25) have used wall injection in the form of normal

injection through orifices or wall slots just downstream of the inlet throat.

Since in a two-dimensional or axi-syimmetric engine the throat height is small

and therefore the fuel need not penetrate too far into the stream. The con-
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sequences of the normal injection scheme on the combustion are discussed in

Ref. 1 . The wall slot injection scheme is analogous co the midstream injector

with afterbody except for the presence of a thicker boundary layer on the

splitter plate which can reduce the ignition delay length (Ref. 1).

So:me mixing experiments of hydrogen injected from a wall slot into a

supersonic stream are presented in Refs. 26 to 30 . A sharp drop in hydrogen mass

fraction at the wall is reported in Reference 30, at the end of the potential

core region. The edge of mixing grows approximately linearly downstream of the

initial region and its growth rate and decay rates of species mass fraction, and

velocity maxima increase with decreasing mass flux ratio ,juj/e ue . The data is

not sufficient to determine the laws although the species profiles are similar

downstream of the initial region.

C. Some Exotic Types of Fuel Injectors

Experimental data shows that the mixing from axisymmetric injectors is

more rapid than that produced by a two-dimensional injector as the wetted area

of fuel exposed to the air flow is greater in the former than the latter.

Furthermore the wetted area growth is also larger; however, the number of

axisyinmetric fuel injectors required to pass a certain amount of mass flow is

considerably larger than a two-dimensional injector. Also the fuel closer to

the perimeter diffuses at a faster rate than that closer to the center. There-

fore, it would appear that an intermediate shape which enhances the mixing and

passes the same amount of fuel flow should exist. The injector cross-section

nolrmal to the fuel flow which gives the same maximum mixing rate to all fuel

particles passing through the injector can be developed using three-dimensional

mixing equations and variational calculus, Intuitively this injector cross

section shape would be lobed somewhat similar to the cross-section of the red
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blood cells as shown in Fig. 5. Downstream, the initial three-dimensional

pattern would decay becoming axisymmetric as the lateral gradients diminish

(Ref. 31).

lThe initial external flow pattern ! (shocks, expansions, slip-

stream, etc.) produced by this type of fuel injector would be quite complex and

the installation of this injector in a standard combustor would be problematical.

However, the concept can be used in two-dimensional fuel injectors by "corrugat-

ing" the cross-section at a radial support strut point for instance as shown in

Fig. 5a.

Additional exotic types of axisymmnetric and planar swept fuel injectors are

depicted in Figs. 5a through 5 . Their relative merits can be conjectured at

this point as no theoretical or experimental means of evaluating the

D. Fuel Injector Design Criteria

In view of the great number of possibilities of injecting the fuel, several

engineering design and fluid dynamic criteria are enumerated here to assist in

evaluating and designing a fuel injector. Some of these criteria are:

1. Obtain short combustor lengths by using multiple mid-
stream injectors.

2. Obtain the required local pressure at the combustion
region.

3. Minimize under and over expansion losses over the
range of combustor pressure.

4. Operate over a range of flight Mach numbers and
internal flow field conditions.

5. Enhance mixing and insure high combustion effi-
ciency.

6. Establish a diffusion flame very near to the
injector lip.
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7. Achieve a favorable fuel air distribution without
shock losses or flow instability that can cause inlet
unstart in the outside flow. ''

8. Establish ignition and stabilize the flames.

'Ihese qualitative injector design criteria are supplemented below by quantita-

tive fuel injector performance evaluation criteria.
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V. iYDl)\CGE'N ICN'I'LON SCI1TMI;S AND ICN;:iTON DELIY IN HIIGH SPEED FLTrS -

EXPFRIMIE'NTAL AND THEORETICAL\ CONST'ID)'ATIO'NS

'TIe combustion properties (flame temperature, burning velocity, quenching

distance, flarnmability limits, detonation properties, spontaneous ignition,

etc.) of hydrogen in air at low speed has been documented very well in Ref. 32.

However, in high speed air flows the auto-ignition limits, flame initiation

and stabilization are not documented as well although a substantial amount of

theoretical and experimental data is presently available.

Thle experimental evidence of hydrogen ignition in high speed air flows is

presented in Refs. 33 to 41. The various methods used for igniting hydrogen

in a high speed air flow even at low air temperature are:

1. Preheating of the injected hydrogen to 1900 R (Ref. 33 )
estanlishes auto-ignition independent of air temperature.

2. Piloting-using hot combustion products to heat up the
fuel and air as they mix (Ref. 15).

3. Platinum acts as catalyst in the induction period to
form OH radicals. (Ref. 33)

4. Oxygen injection - (Ref. 34)

5. Ultra violet irradiation has been used to sensitize the
injected hydrogen and form OH radicals (Ref. 35)

6. Bluff bases and thick splitter plates present stagnation
flo~w regions with high stagnation temperature and long
residence times (Ref. 36, 37),

7. Shock induced ignition is obtained through the increased
static temperature and pressure of the mixture and/or
air streams (Ref. 38, .39)

S. Urstream Injection - (Ref.40)-

9. Resonance Iqnitor - (Ref.41) - resonance of a jet into a
dead-end tube produces unsteady shock 'oscillations which
lead to temperature rises well above the stagnation tem-
perature of the jet.
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>'ore recently Ferri has suggested that the injection of small amounts of

hydrogen into the boundary layer on the injector wall to act both as a coolant

and to form 0H radicals. In this case, the static temperature in the boundary

layer is higher than that in the free stream and the residence time is in-

c.raascd by the low velocities in the boundary layer, and therefore are con-

ducive to combustion initiation. Also the splitter plate can be made of

platinum to further assist in the ignition. This last scheme has been adopted

in the fuel injector design presented below. See also Ref. 11.

The criteria for selecting a hydrogen ignition scheme are its reliability,

efficiency and simplicity. The ignition delay time (induction period) for

prcmixed hydrogen fuel and oxydizer (02 or Air) using the various technique

enumerated above has been well documented as a function of temperature, pressure,

stoichiometric ratio, etc. Some of the correlations taken from various references

are shown in Fig. 6. A comparison with other hydrocarbons is also shown. The

influence of other factors such as those mentioned in the introduction however

are not known as clearly. The induction period for jet initial temperature,

much different from the air temperature, must be determined using the various

mixing theories.
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VI. DEVELOPi<MEJNT OF FUTE INJECTOR DESIGN

A. Design Conditions

The present fuel injector design was developed for a scramjet operation at

a free stream Mach number of 6.0. The Mach number after combustion is super-

sonic at this condition. This condition simplifies the analysis of the com-

bustion region. The nominal burner entrance conditions corresponding to a

flight Mach number of 6.0 and an altitude of 80 k ft P = 60 psf. were taken to

be as follows:

Mach number (after fuel injector shock) = 2.5 u = 5137 ft/sec

Air static temperature = 10000 K To 30360 Roe
Air static pressure = 1 atm P = 20 atm

These conditions assume that the pressure recovery of the inlet (stagnation

pressure) is 0.434. Therefore the static pressure rise is 40.

The fuel injector design developed here is for use in a three-dimensional

integrated fixed geometry scramjet engine. This is the high speed 6.0 • M < 10

propulsion system of a large vehicle with take-off weight on the order of one

million pounds. As a consequence the frontal area of the air induction system

of the scramjet engine is approximately 1200 ft2 and its length is 200 ft. The

captured streamtube is compressed to a swept annular gap, at the throat of the

inlet, approximately 2 ft high on a central body of ~ 30 ft average radius. A

more detailed description of the inlet design is given in Ref. 42.

To maintain the combustor length reasonably short relative to the inlet

size, multiple midstream fuel injectors are required. Assuming the fuel is

injected at the local bu-rner entrance pressure, the ratio of fuel injector

area co burner entrance area is given by (mass flow requirements)
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A M.T /T M 

where n is the number of fuel injectrrs while subsript j denotes jet condi-

tions and subscript b denotes burner entrance conditions. Subscript o denotes

stagnation conditions and 0 is the stoichiometric fuel air ratio.

1Therefore to maintain the number of injectors at a minimum, it would be

advantageous to have high jet Mach number M. and low jet stagnation temperatures,

T , and low air stream Mach number and stagnation temperatures. The air stream
O.

and fuel injection conditions stated above were selected by a compromise of

these ideas, a cycle analysis, and ignition condition requirements.

The fuel injector slot height (two-dimensional) was taken as 0.45 inches

as this would require n = 6 injectors for the above condition. These conditions

were selected as a good compromise of several different requirements. The fuel

injection conditions were taken as follows:

Mach number 2.0 Velocity - 9870 ft/sec

Static temperature - 440 K Stagnation Temperature , 1500 0 R

Static pressure = 1 atm Stagnation pressure - 8 atm

B. Justification of Initial Conditions Selected

Since the ignition delay length,flame length, etc. are strongly affected by

the fuel injection conditions, an initial investigation was undertaken to de-

termine the dependence of these on the hydrogen injection conditions and air

external conditions. Several calculations were made using the parabolic mixing

program (Refs. .. ? and 44 ).

In these calculations, the Lewis number was assumed equal to unity and the

pressure field was assumed uniform throughout. The eddy viscosity was assumed
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to be initially given by Lt = 0.5x10 pe lue - u
1
+ 1.0xlO up to

when U(-= .99 Ujet followed by a model suggested in Ref. 8 : ut= K rcl Uo

where rl is the height to where pu = '- (eU
e
+ oUo). and K= 0.045.

If the presence of the boundary layer is neglected, then the flow initially

has a step profile; however, this simplification gives an incorrect renresenta-

tion of the actual phenomenon. Using step profiles, the hydrogen stagnation

temperature was varied to determine the ignition delay length. The results

shown in Fig. 7 demonstrate that a significant (- 0(1 ft)) ignition delay

exists in spite of the high stagnation temperature of the hydrogen. This is

due to the fact that the mixing cools the flow before ignition takes place.

The actual situation is different when the presence of the boundary layer is

considered. The boundary layer produced by the splitter plate was introduced

in the analysis. The boundary layer reduces the mixture speed and increases

the mixture static temperature in the initial region If the temperature of

the wall is sufficiently high. In the calculations a 1/7th power law velocity

profile was assumed on the air side, and the temperature profile was assumed

given by a Crocco integral relation. The splitter plate temperature was assumed

equal to the hydrogen stagnation temperature. A heat transfer analysis shows

this to be nearly the case due to the very high thermal conductivity of the

hydrogen. Similar conditions were assumed for the hydrogen boundary layer.

The temperature profile exhibited a maximum greater than the freestream static

temperature. The boundary layer on the hydrogen side was assumed thin due to

the short hydrogen nozzle length. These assumed initial profiles are shown in

Fig. 8 . The analysis showed that the boundary later acts as a pilot and

decreases the ignition delay length to 0.43 ft., the bulge in the temperature

profile and the velocity defect decreased very rapidly in the initial region.
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In order to acellerate ignition and 'further decrease the ig.ition delay

lcngth, some hydrogen was injected into the boundary layer on the slit-er '-satea

sufficiently far upstream (approximately - .5 ft) in order to produce a slight

temperature rise in the boundary layer (T = 14000K) and increase locally the
max

radicals 0, H, OH, concentrations. This change reduced the ignition delay to

approxi-mately 0.194 ft. Actually the splitter plate finishes with finite thick-

ness that produces a wake. This effect was introduced artificially in the

analysis by introducing in the velocity profile a small region where the velocity

is equal to 100 ft/sec. This resulted in an ignition delay length of 0.0C55 ft.

Similar results have been obtained by introducing small amounts of hydrogen

on the leading edge and along the splitter plate surface at very low velocity

for cooling purposes. The scheme is shown in Fig. 22 . The flow field, edge

of mixing and flame, obtained with this final configuration of initial conditions

are shown in Fig. 9. The flame length is observed to be approximately 10 ft.

long. This gives a combustor with a height to length ratio of 5. The flo-w profiles

are shown in Fig. 10 for the various axial stations while the centerline velocity

decay and temperature rise and hydrogen concentration and Mach number are shown

in Fig. 11. The centerline hydrogen mass fraction, the parameter (UC_-Ue )/(u j-U ),

the nixing width b, the entrainment ,e/,j' and turbulent viscosity approached a

power lasw behavior, i.e., x n n=l. Flow similarity was observed for (u-u )/(u -u.)
' ee

as a function of :lr/ , where ile is the stream function at the edge of mixing. The
C e C2

similar profile is shown in Fig. 12. The temperature profiles are similar downstream

of where the flame reaches the axis. Lean combustion occ .rs in the region 5.<x.<-9. ft.

This is evident by the increase in the oxygen mass fraction inside the flame. For :c<.5

ft., the small amount of 02 inside the flame present in the initial profile is consumnec

If the expression for the eddy viscosity is changed, the above results can

bc rcinterprcted by a suitable shift in the axial location according to x' where
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x = J u(x)/u' (x) dx. hllis is only possible in view of the assumptions of two-

dimensionality, constant pressure, and Lewis and Prandtl numbers of unity.

These simplified analyses have shown the importance of including the initial

boundary layer to determine ignition delay in actual flow conditions. On this

basis the following configuration has been designed.

C. Fuel Injector Wall Shape Design

Comprcssion waves are generated by the mixing and combustion process of

hydrogen in a supersonic air stream (Ref. 4). The strength (AP/? ) of the

pressure waves depends on the rapidity of the combustion process which in turn

depends mainly on the hydrogen and/or air static temperature and mixing rate.

To assess the strength of these waves and their effect on the combustion process,

a "viscous" characteristic program (Ref. 45) was used to calculate the flow field.

The initial flow profiles at the exit of the injector were taken to be the same

as those used in the parabolic mixing program. However, the centerline of the

mixing calculation was replaced by a solid wall whose shape was altered to

produce various pressure distributions on the flame.

At first the wall was assumed straight. The pressure distribution shown

in Fig. 13 , shows a pressure rise along the wall of approximately 40% while at

the center of the flame,defined as the region where (T = T ax), the initial

pressure rise is approximately half or 24%. This shows that pressure waves of

strength Ap/p - .24 propagate both in the air stream and jet stream away from
co

the mixing and combustion zone which initiates near the splitter plate, The

waves which propagate into the jet stream are reflected at the wall and tend to

form shocks at some distance from the plate. In addition, the waves on passing

through the mixing and combustion zone, are of sufficient strength to generate

subsonic flow locally in the region of the velocity defect produced by the
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splitter plate.

In order to avoid region having too low velocity, and at the same time

eliminate formation of shocks in the outside flow the pressure waves uist be

cancelled. Therefore, a wall geometry has been developed from the parabolic mixing

program by shifting the centerline in such a way as to produce no deflection in

the streamlines in the external air stream that approaches the flame. hLis

wall injector shape is shown in Fig. 14 . The pressure distribution along the

wall and the flame are shown in Fig. 15for this configuration. Again, with this

configuration a pressure peak is evident at the flame. However, the waves are

partly cancelled at the wall producing a smaller pressure rise there and on

passing through the combustion zone a secondary pressure peak is found. Further

downstream a pressure decay is experienced both at the flame and at the wall as

the heat released is not sufficient to overcome the expansion waves that emanate

from the wall.

The combustion efficiency is impaired if the pressure is allowed to decrease.

In addition the temperature also varies in a like manner degrading the combustion

process. Therefore, an injector wall geometry which maintains the pressure

essentially constant in the region of heat release (i.e. flame) was developed by

a step by step numerical calculation.

First, to decrease the strength of the initial waves produced by the com-

bustion, expansion waves were introduced 'in the initial profile. The expansion

waves start on the lower wall of the fuel injector inside of the jet nozzle,

at a point sufficiently far upstream of the lip of the splitter plate so as to

affect the initial region of the combustion (see Fig. 16), A 4° expansion was

too strong as it caused a pressure peak followed by a pressure decay at the

flame front. A 20 expansion decreased the initial pressure rise at the flame to
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.pprox.imately 10', and was implied as satisfactory. Subsequently dow;nstream tre :

coc)bustion process sustained this selected pressure level, the waves generzaed. 

by the flame were cancelled at the wall by turning it 4.80. This recuired tne L

pressure generated by the flame tends to decrease, therefore it is required that

the necessary turning be of the order of 1.80. Further downstream however, the

wall generates compressions to sustain the pressure at the flame. The wall then

remains straight with an inclination of -3° . The resulting wall geometry and

pressure distributions are shown in Figs. 16 and 17 respectively. In this

analysis, the flow upstream of the injector is assumed uniform. However in a

practical case waves are present in the flow. Some flow profiles with this

injector are shown in Figs. 18a through 18i'

The initial profiles were taken two splitter plate thicknesses downstream of

the injection station to have a completely supersonic profile. The subsonic region

due to the wake of the splitter plate was'neglected. The static pressure and tempe-

rature drop due to the 20 expansion are represented in the figure 18a along with the

boundary layer on the external surface, The flow direction is also shown. The

tenperature maximum is greater when the lateral pressure gradients are considered.

This is due to the induced pressure due to the combustion. In the initial region

(x .2 ft.) the static pressure profiles show a pressure pelse moving away from the

flame. While the lateral extent of the influence of the pressure waves due to combu-

stion is greater than that due to mixing and combustion.

The injector wall geometry must be shaped to account for interactions with waves

irom the main stream flow and/or'combustor wall. The analysis could have included

initial nonuniformities or even discontinuities in both the jet and external streams

since the computer program is equipped to do so. However the nature of the non-unifor-

mities were not known at this point and hence were not considered.
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VIII. FUElI INJECTORS PT'RLFOR!,',NNC. DESIGN EVALUATION

A measure of the efficiency of the combustion can be obtained by evaluating

the amount of unburned pure hydrogen at any station downstream of where the

flame reaches the centerline. Unity less the ratio of the mass of unburned

hydrogen to the injected hydrogen flow rate times a ratio which measures the

amount of heat released in the stream to the theoretical maximum heat release,

can be taken as the combustion efficiency. This ratio is proportional to the

ratio of H20 mass flow rate at end of combustion to the maximum H2 0 flow rate

possible with the injected hydrogen flow rate. A third ratio would be necessary

to measure if the heat released is used in forming radicals or in increasing the

thermal energy of the stream. This last is proportional to 1.0 minus the total

mass fraction of all radicals present. Therefore, the combustion efficiency

may be expressed as

om H2 u (dy o H20 A ! Jo ' O YN )u dy u 
Qcomb \ l' / 0.24|°Du y pudy 

The species profiles for complete combustion (100% efficiency) are shown

in Fig. -19 for comparison. In the ideal case (100% efficiency) the fuel and

oxidizer reach the flame in stoichiometric proportion. Therefore no fuel is

on the outside of the flame while no oxidizer is present on the inside of the

flame. In the real case, however, oxidizer which had diffused into the fuel

unreactei in the initial region when the flame burned less is dissipated domn-

stream. IWhile the fuel which is not burned at the flame simply diffuses and

is lost. The maximum mass fraction of combustion products are reduced by

inefficient combustion.
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The fuel injector drag is evaluated from a pressure and momentum integral

su a control surface surrounding the fuel injector. Drag or thrust of a standard

and a plug injector with and without fuel injection respectively are evaluated

as follows.

The fuel injector drag of a standard tanjential fuel injector (Fig. 1) is due

to its forebody and its base, i.e.

D/A. = (p -p' (p -p' ) + c A /A(Pw Poo
)

(Pbase-Poo)0 w/A

Where A.is the jet area (the splitter plate thickness is neglected) and A is

the wetted surface of the fuel injector. An average pressure is used in the above

formula although these can be replaced by pressure integrals. The prime denotes

free stream conditions just upstream of the fuel injector tip.

Depending on the monentum of the jet, the drag can become thrust. In this

case the fuel injector axial force is

F /A ' - P0 (p -p') + c A A/A,
ax j w 0Poo 3 3 J j Poo f w i

In which the second term is due to the momentum of the jet.

The drag of a plug type fuel injector (Fig. 2) is

D/Af = (Pw- P - (Pbase P')Aj/Af (Plug-P)(-A/Af) +cf A /Af

W!rere Af is the frontal area of the injector and the third term represents the

pressure force acting on the plug. With injection the axial force is

-F /Af (p - p )- p. 2 A /A - (pj-pO)Aj /Af (Pp-P' o )(1-Aj/A ) +cw/A fax w f f plug f t3 W f

With typical supersonic injection conditions, the thrust produced by the jet

is several times larger than the forebody drag. This gain is lost if normal in-

jection is used. The estimated drag and thrust of the present fuel injector design

is presented is presented in section X.

Other performance parameters ( such as mixing rate, combustion and induction

length, etc. ) are readily obtained from the flow field analysis.
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I.X. FUEL INJECTOR COOLI?;1G SCHEMES

IDue to the inlet diffusion the fuel injector is exposed to a more hkazs.

cinvirormnent than the aircraft's surfaces as the pressure and temperature are

much higher at the combustor entrance than in the free stream. The fuel in-

jector rmust retain its structural integrity at high temperatures and under

strong aerodynamic pressure loads and intensive heating and cooling rates

(thareal fatigue). High temperature and/or refractory materials (o>i-bde-u., ec..)

may be used in certain regions of the fuel injector and cooling techniques in

other regions. Further heating is received by the radiation from the cc -.us -i

zone.

The three types of injector cooling schemes are shown in Fig. 20 taken

from Ref. 18. The transpiration cooling scheme with hydrogen appears to be

the best for maintaining the injector wall temperature below 2000 R. 'Whe-reas

film cooling is least effective. A leading edge cooling scheme was suggested in

Ref. 46 by Ferri. This cooling scheme consists of an upstream slot injeccion as

shown in Fig. 21.

Tne walls of the injector can be thermally protected by a film cooling

technique by using cold hydrogen. The cooling length is determined from the

correlation given by Zakkay in Ref. 47 (H injection, T /To = .6, = 1.0,
.2 Wje

e

Me= 6.0, u /ue= 1.5)

'cool n{, = 1100 t0.8
S

where , = vjuI/oUe, and S is the slot height and 6 is the cooling length. If

we select '.= 1.0 and T = 5300 R, then a cooling length of 364 slot hieigh.-s s
j 0.

obtained. Or to cool a 1 ft long surface a slot height of .033 inches would be
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nodedd. '"his implies a coolant hydrogen flow rate to injected hydrogen flow

rate ratio of approximately 7%. To supplement the experimental data of Zakkay

on cooling which was taken at M = 6.0, a calculation was made using a para-
e

bolic mixing analysis to simulate a wall Glot of cold H!2 injected tangentially

into a lMach 2.5 stream and 1000 K static temperature (T e 3100°R). The

coefficient of viscosity was assumed to be K = 0.02 and the viscosity law was

taken to be that of the potential core model as the actual physical configura-

tion would be a series of smaller slots focated sequentially at the end of each

of the potential cores. The boundary layer was not considered in this analy-

sis. The air was assumed vitiated in the' calculation and the slot height .Olft

was assumed. This coolant hydrogen mass flow rate corresponds to 20-- of the

injected hydrogen flow rate. The results of this calculation are shown in

Fig. 23.

A lean burning flame appears at aboutQ.5'(50 slot heights) from the slot.

However, in spite of the flame the centerline (or wall temperature) reaches a

value of 100'0'Sat about 1 ft (100 slot heights) from the injection point. A

very sloxwspeed hydrogen jet (uj= 10 ft/sec) was also investigated. The center-

line temperature reached 1000 K in .23 ft in this case. The reason being that

the coolant mass flow in this case is 0.1% of the injected mass flow. Therefore

if the same mass flow as in the first case were to be injected, the surface would

reach 10000 R after 41 ft by using a very low speed jet. Alternatively if 10

coolant slots are used with very low H1 injection speed, the coolant mass flow

would be about 1% of the injected hydrogen and the wall temperature would be

kept much below 1000 K. Unfortunately in this case the total injection slot is 1.2".

To overcome this, the coolant flow should be passed through 10 quasi-tangential

slots (about 1 inch apart) of .1 inches high as shown in Fig. 22 . The base
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flow li.ke rcgion typical of low speed slot injection and ensuing expansion and shock

system is avoided and an effective cooling system is obtained,
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X. RESULTS AND CONCLUSIONS

ii

An experimental and theoretical review of most geometrical and fluid-dynamic

factors which influence the supersonic combustion of hydrogen has shown a

qualitative and quantitative dependence of supersonic combustion parameters

(ignition delay, mixing rate, cnte-rline decay, jet spreading, etc.) on these

factors. Although both experiment and theory are wanting an indication of the

choice of fuel injector condition and injector geometric parameters more con-

ducive to an efficient diffusion controlled combustion flame is afforded to the

fuel injector designer. The philiosophy adopted in the present design is to

control, through the selection of the parameters, what takes place naturally

in order to obtain what is desired to occUirr.

The fuel injector design shown in Fig. 22 incorporates most of the essential

qualities of an efficient fuel injector developed in this report. The concept

is not restricted co a synmmetrical configuration. Symmetry is used here for

convenience. This fuel injector uses a central body to increase the low mixing

rate normally experienced by a two-dimensional mid-stream injector relative to

the higher mixing rate of an axisyrmnetric injector, to that typical of a wall

slot. Secondly, the central body geometry (Fig. 16) was designed so as to

maintain relatively constant pressure at the flame so as to improve the com-

bustion efficiency and to prevent diffusive separation due to lateral thermal

and pressure gradients. The initial wedge angle of 50 was selected somewhat

arbitrarily. The hydrogen injection conditions (stagnation temperature, Mach

number, etc.) are selected following a theoretical evaluation of several initial

conditions on the ignition delay length. The tip cooling scheme is as shown in

Fig. 21 while porous cooling is used on the faces and central body surfaces

of the injector'. The ignition scheme utilizes normal injection of hot hydrogen
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at a point just downstream of an expansion fan to insure high penetration into

the air strceamr and the formation of OH0I rtdicals prior to the main injection

station. The injection Mach number is selected so as to retain a supersonic

flow at the flame. The splitter plate thickness and boundary layer growth on

the injector splitter plate provides a velocity defect and temperature excess

to ensure the flame is stabilized.

Some of the flow field characteristics of this injector are shown in the

upper half of Fig. 22. These were determined from the patching of various

analyses presented in the text of this report. Some flow profiles have

been presented in the main text of this report (Figs. 18atolSh)).

The injector drag determined by a pressure integral and momentum integral

plus an estimate of the skin friction drag show: a net thrust coefficient CT=0.447

based on the fuel injector frontak area and the free stream conditions upstream of

the fuel injector tip. Withoutt fuel injection, the drag coefficient of the present

fuel injector is 0.15.. This can be minimized by injecting a coolant fluid when the

scramjet is not functioning. The injector net thrust coefficient, in terms of free

stream flight conditions and engine frontal area (A =1200 ft ), is C
t
=0.003,

Therefore for stoichiometric fuel flow, a tangential injector increases the engine

thrust (CT=0.45 at M =6.) by approximately 1%. The losses with normal injection
00

are considerably more than this (for the same type of engine etc.) as the normal

shock losses due to normal injection are not included in the above figure.

The combustion efficiency of the present fuel injector design,as evaluated

from the various integrals desgribed in the main text, was approxinmately 0.94Z.

for the initial region up to x=0.43 ft. No discernable difference was noted in

the fuel injector desribed in fig. 14 due to the numericat accuracy of the results

and the numerical integration.
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An experimental investigation of the present furl injectoe design and comtpari-

son with a standard fuel injector design is reconmnended with a slightly reduced scale

version of the design shown on fig. 22 to compliment and verify the present analysts.
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APPENDIX I

INPFLUENCE- OF VARIOUS INITIAL AND BOUNDARY CONDITIOFNS ON SUPERSO:IC COB'.uSIION

As stated in the introduction, the mixing and combustion phenomenon is

affected by many flow and geometric parameters. A qualitative influence of

these parameters on the mixing, i.e. jet spreading, potential core lengths,

centerliiae decay, etc. is made here for hydrogen combustion with tangential

injection only.

A. External Stream and Jet Conditions

When the jet is fully expanded, i.e. matched pressures (pj= pe), the

stream and jet parameters that influence the mixing are the ratio of jet to

stream velocity, u/u e,static temperature T /T , individual lMach nu-.nbers

2 2lecular
j., >le, mass flux ratio X = /juj/eu ,momentum flux pju /u ,mlecular

weights ratio Wj/We, and specific heat ratios vj,¥ . Depending on the values

each of these parameters the mixing zone may either enlarge or neck down as

in a wake. The effects of these parameters on the mixing is discussed in

various references (Refs. 8, 12, 18, 48, 49);. The basic conclusions of the

mixing analyses and experiments are that the centerline properties (species,

velocity, and temperature defect) decays inversely with the square root of

distance along the axis of the jet for a two-dimensional injector and in-

versely with the distance for axi-syimetric jets (except for the investiga-

tions by Ferri and his co-workers who found that for H2 the mixing rate in

the near field x/r. • 10 is much faster and produces a decay rate inversely

with the square of the distance.) While for a wall slot the power is 0.8.

Furthermore the power is independent of the slot design, the environment

(injection and stream conditions) or molecular weight. IWhereas thne potential

core length and factors of proportionality do vary with these and other

parameters. Their dependence is not known very well. These studies imply
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thLat tile use of gaseous fuel of loxw molecular weight and high velocity relative.

to the local air stream is conducive to high mixing rates. Also it is important

to expand the fuel to a pressure close to or below the local combustion chamber

pressure.

The cases of equal velocity, temperature and/or mass flux are discussed

further in Ref. 2 7 as the mixing laws which depend on differences of these

parameters are not suited to these cases. The potential core length for the

hydrogen concentration is correlated by Zakkay in Ref. 50 who gives the

following formula to evaluate the species potential core length, x , in terms

of the jet and stream conditions

x F' 2 2 M \2 -2
0- . + 6.0 ( (i e

2
+ -2

r. M Jl + e M. -'
3 Pe 3

%The velocity and temperature potential core lengths are not correlated as well

as they are assumed to be of the same order as the species potential core length

when the Lewis and Prandtl number are unity.

Additional influences of initial jet and free stream conditions on mixing

and combustion can be determined from the. theory of Libby Ref. 51. For example,

the centerline velocity decay can be shown to be inversely proportional to the

square of the distance x.

i.e. eJ = 2 (u) -
ue-u. e (x/a) (l-u./ue)]

while the potential core length is given by

pot = S.5 -ui/ue /

Similar results are inferred for the stagnation enthalpy and species as the

governing equations are identical in form under the assumption of the theory

(i.e. Le = Pr = 1, P = 0).
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B. Influence of Impurities on Combustion

The influence of stream impurities such as 1.20 vapor and small amounts of

CO2 have been studies theoretically in Refs. 52, 53, and 54. These studies

have shown that the induction time is increased by approximately 167/. The

reaction time is also increased due to the diluting effects which reduces the

mean reaction temperature. The effect of initial free radicals (YoH . 10 and 0)

is to reduce the induction periods. The inclusion of bimolecular or shuffle

reactions (Ref. 55) show that the ignition delay time is prolonged at high

temperatures and shortened at low temperatures. While the presence of hydro-

peroxyl HO2 radical lengthens both ignition and reaction times.

C. Influence of Streamwise Pressure Gradients on Mixing and Combustion

Some effects of streamwise pressure gradients on mixing and combustion

are discussed by Ferri (Ref. 10) in regard to the possible flow reversal.

Schetz (Ref. 5) has suggested the study of the effect of strong pressure

gradient on mixing rates. Since the pressure field in a scramjets combustor

is most likely to be nonuniform, the influence of streamwise pressure gradients

was assessed here theoretically using a parabolic mixing program (Ref. 43) and

the jet initial conditions given in Section VI of the main text.

A constant favorable and adverse pressure gradient equal to 1/4 of an

atmosphere per foot (for the initial region only, i.e. x < 1 ft) was used in

this analysis. That is, the pressure variation was assumed equal to

P = Po (.1 0.25 x/L) for x 1 ft and Pco=2116.9

The adverse pressure gradient was found to increase the viscosity (Fig.2 4)

and therefore to enhance the mixing. The potential core length decreased for

an adverse pressure gradient and increased for a favorable pressure gradient

(Fig.24). This is due to a faster decay of the velocity on the centerline to
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a value of .99 of the initial jet velocity in the case of adverse pressure

gradient than in the case of favorable pressure gradient. The edge of mix-

ing and flame shape (Fig.24) are relatively unchanged by the pressure gradients.

For stronger gradients than the one assumed above the effects on the edge of

mi:ing and f lamw shapt are ¢-;p.cted to be similar to those produced or, the

potential core.

The effect of injector wall (i.e. centerline) conditions such as temDera-

ture, hydrogen concentration (as in a porous wall), boundary layer growth, and

heat transfer rate, lateral pressure gradients, etc. could not be assessed with

this computer program. However, the effects of adjacent injectors was assessed

in a preliminary manner. Since the number of parameters (distance apart,

downstream location, etc.) involved in this case is numerous, and the eddy

viscosity law in the interaction region is unknown, an investigation of this

effect is discussed in Ref. 4. An additional case is pr-eoe;ed here to show

the effects when the fuel injectors are too close. This configuration is

shown in Fig.25. Since the local flow is fuel rich, the flames merge into a

single surface.

D. Under and Over Exoansion of the Jet

Some effects of under expansion of a jet core are studies analytically

in Ref. 56.. It is found that for an under expanded jet strong streaMWise

favorable pressure gradients are generated along the axis of the jet. The

ignition is delayed due to a pressure and temperature drop in the mixing and

combustion zone when the expansion fan originating at the lip of the injector

reflects on the axis and passes through the combustion zone. These effects

are not clearly shown by the example presented in the reference. Un-

fortunately, the reduction in under expansion, i.e. strength of the expansion

fan, could not be assessed.
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The case of over expansion has not been presented there -. How,7ever,

this is believed more beneficially to combustion than the under expansion case.

In either case, the pressure field becomes uniform in a short distance

0 (10 to 20) jet diameter.

L-ateral Pressure and Thermal Gradient Effects

In general the mixing process is controlled by gradients, in species,

pressure and temperature normal to streamlines and by their cross-effects.

hnat is, the mass flux of a certain species is proportioned to

t 12 t T 1
v

l =
~ t K_ 1+

T + Y -Y

I.Where the first term is the flux due to species gradients, the second due to

temperature and the third is due to pressure gradients. Usually the assump-

tion is made that the diffusion due to species gradients dominates and the

diffusion due to thermal and pressure gradients is neglected as the laws of

turbulent diffusion are not known very well so that the equations are simplified.

In the energy transport phenomena, besides neglecting heat transfer due to species

and pressure gradients, heat transfer by radiation is also neglected.

In a supersonic combustion process these assumptions may not be valid in

certain regions of the flame. For example, in the near field of the splitter

plate, the species gradient may easily overshadow the thermal and pressure

gradients in the absence of combustion. !.While the presence of shock waves

and/or combustion induced waves can generate lateral pressure gradients which

are comparable to species gradients. Further downstream where the flame is well

developed, the thermal gradients may overshadow the species gradients while the

T' he Boussinessq assumption for momentum transport has been extrapolated here

for the cross-effects analogous to laminar mixing.
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lateral pressure gradients will have decayed substantially. An order or magni-

tlIde alnnlysis in these different regions follows with so-me qualitative implica-

tion of these considerations.

Analogous to laminar diffusion, the diffusion velocity may be expressed

as in Ref. ,57, for a mixture and using turbulent coefficients, as

2 _2

C 1 12 ar ' Y1) + W 

(W1 LW2 ) -K
t

W1 W2 Y1

where pi

1 =

D12 =

Y1 =

11

w2

p -

T =

K =
t

Simplifying for

(! -YO) 
- -

(' p) +
- r

j

Y1 D - partial density of speciesll

Diffusion velocity

Binary diffusion coefficient (turbulent)

01/0 - mass fraction of species 1

Molecular weight of species 1

Molecular weight of species 2

Pressure

Temperature

T 2
pDl /D 12 W1W2 n = ratio of thermal to diffusion coefficients

W2 >> W1 (2 = 28.9 for air, W1 = 2.0 for hydrogen)

°1 V1 = D12 [(Y 1
)
r + Y1O~~~~~~~ k-~l1

(l -Y 1 I) r + 2 t

Pr - TrT
P r T1 

Nondimensionalizing so that all terms are of the order unity requires

four separate length scales: (1) physical scale - rj, (2) thermal scale pro-

portional to the flame thickness, (3) a pressure scale proportional to com-
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pression fan scale x tan I and (4) a diffusion scale mixing zone. Tne shock

save thic'kness scale is much too small (on the order of a few mean free paths)

at pressures encountered in the cornbustor and is therefore disregarded as the

length is not sufficient to cause diffusive separation even with moderately

strong shocks (; 10.).

The pressure and temperature are nondimensionalized w.r.t. the free stream

pressure and temperature respectively. Then order of magnitude of the correspond-

ing gradients are then

Species -l °Ya

or

flame
- I

-- 0

inside the flame
b

outside the flame

Pressure -1 p - Pe ,.
P oi P a 

Pr ' avg xrante ./+

_Temerature T_ \ I-T

Temperature -1 'T 9 T -T.
T - = e - initial region (x 5 r.)

T.+ T bj e

b is the flame width

y`bI --; ,
. 4b

i y

'1 - -nv '

-. , '

*/ ik

2 Tfla'eTj 2 >~inner region -_ 

T+Tf t t 
j flame flame flame 

.I

T -T
2 e flame

T +T t
flame e flame

t .-

I C. ' ts IT
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In Rcf. 58, it is shown that even for, infinite Darmkohler ,umber (ratio of

the characteristic relaxation time of the energy containing eddies to that of

the molecular chemical reaction), the thickness of the flame zone is of the

local scale of turbulence which, in a pure shear-produced turbulence is of

the order of he, shear layer thickncss. urthaermore the heat conductionr takes

place in the direction of increasing mean temperature in certain regions of

the flame. Seemingly defying the 2nd law of thermodynamics. Tnis last is

not verified by "standard" theories which assume Le=l, Pr = 1, and neglect

diffusion due to thermal and pressure gradients.

An order of magnitude analysis of each of the three terms shows that in

the far field of the flame the temperature gradients may induce a larger

diffusion velocity than the species gradients while pressure gradients produce

effects which are subordinate to both species and temperature gradients simply

1bcausc tha pressure effects travel alcng Mach -:,es Which exccep at very high

hypersonic speeds spread laterally faster than a mixing zone.

Assuming the conditions are propitious to diffusion by all three mechanisms

the consequences of the inclusions of these effects on the combustion can be

qualitatively assessed from profiles generated in the absence of diffusion by

pressure and thermal gradients. In Fig.26, the flow field, and typical flolw

and concentration profiles are shown along with the directions of the lateral

pressure and thermal gradients. The pressure gradients would tend to establish

fluxes of lighter species in the same direction as the decreasing pressure as

shown in Fig.26a. The net effect of which would be that the flame initially

would burn leaner than stoichiomretric. Tnen as the pressure pulse moves away

from the zone, the trend reverses and the flame burns fuel rich. The

temperature gradients would also likewise establish fluxes of lighter elements

away from high temperature regions and therefore would result in lean burning.
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A fuel injector as shown in Fig. 2 can be designed to generate pressure

waves to counter the effects produced by a natural induced lateral pressure

gradient. The effects of thermal gradient are not as easily countered.

Splitter Plate Temoerature Effects

The splitter plate temperature affects the growth of the boundary layer

of the viscous flow on it. The boundary layer thickness is thicker at higher

wall temperatures; therefore, it provides longer residence time which results

in shorter ignition delay lengths. A trend in the ignition delay length

dependence on the splitter plate temperature is shown in Fig. 27. This shows

a considerable decrease in ignition delay at higher wall temperatures.. The

effects of much higher wa!' temperatures (1500 T 4500 °R) are oresented in

Ref. 11 in Fig, 14 and are reproduced here in Fig. 27.
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